1. Introduction
===============

Drug metabolism experiment has played an important role in the drug discovery, drug design and drug clinical application. Therefore, fast and efficient ways to provide accurate information of drug metabolism on the target compounds and their major metabolites are required [@bib1], [@bib2], [@bib3]. In the past, GC with electron capture detection or nitrogen phosphorus detection and HPLC with ultraviolet (UV) spectrophotometric detection, fluorescence detection or electrochemical detection (ECD) were the main methods to detect drugs and their major metabolites in vivo. But these technologies cannot provide high enough sensitivity, specificity and molecular structural information for the qualitative assay of drugs and their metabolites. The coupled GC--MS technology can overcome these insufficiencies, but it often requires time consuming derivatization of the target compound [@bib4], [@bib5]. So, this method is not suitable for the detection of drug metabolites, too.

Since the introduction of atmospheric pressure ionization (API) interfaces, LC--MS has been increasingly used to determine drugs and their metabolites for pre-clinical and clinical studies [@bib6], [@bib7], [@bib8]. LC--MS system allows for the analyses of thermolabile, highly polar and non-volatile metabolites owing to its soft-ionization technique and high sensitivity, and the target compounds can be directly determined in mixtures without complicated sample preparation or derivatization. Compared with LC--MS, LC--MS/MS can give us the maximum amount of structural information and high specificity for qualitative analysis at trace levels. It has been proved to be a powerful approach for the metabolic identification of drugs [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]. So, LC--MS/MS technique is frequently the initial choice for metabolite detection and identification. Structural elucidation of drug metabolites using LC--MS/MS is based on the premise that metabolites retain the substructures of the parent drug molecule. MS/MS product ion spectrum of each metabolite provides detailed substructural information of its structure. So, using the product ion spectrum of parent drug as a substructural template, metabolites presented in crude mixtures may be rapidly identified and detected based on their changes in molecular masses (Δ*M*) and spectral patterns of product ions even without standards for each metabolite [@bib14], [@bib15], [@bib16].

Anisodamine, tropic acid-6β-hydroxide-3α-tropic ester, was a kind of tropane alkaloids extracted from the leaves of traditional Chinese medicine *Anisodus tanguticus* (its synthetic form is called 654-2). It has widespread activities such as spasmolytic, anaesthetic, acesodyne and ophthalmic effects, and it is often used to treat transmissible shock, hepatitis, nephritis, sugar diabetes and so on [@bib17], [@bib18], [@bib19]. In China, anisodamine was tentatively used to treat patients for Severe Acute Respiratory Syndrome (SARS) in 2003. Despite its important therapeutical values, its metabolism in vivo is not clear yet. Up till now, the works only focused on the quantitative determination of anisodamine in rabbit and human serum by means of thin layer chromatography [@bib20], micellar liquid chromatography [@bib21] and reversed phase-high performance liquid chromatography [@bib22], [@bib23].

In this paper, a highly sensitive and specific LC--MS/MS method was presented to identify anisodamine and its metabolites in rat urine. The LC--MS/MS analyses of urine sampled from healthy rats after administration of 25 mg/kg anisodamine revealed that the parent drug and its eleven metabolites existed in rat urine, which will be useful for future studies involving anisodamine, such as clinical therapy.

2. Experimental
===============

2.1. Chemicals
--------------

Anisodamine was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (China). β-Glucuronidase (from *Escherichia coli*) were purchased from Sigma (St. Louis, MO, USA). Methanol was of HPLC grade (Fisher chemical Co. Inc., CA, USA). Distilled water, prepared from demineralised water, was used throughout the study. Other reagents used were of analytical grade.

2.2. Apparatus
--------------

LC--MS and LC--MS/MS experiments were performed on an LCQ Duo quadrupole ion trap mass spectrometer with a TSP4000 HPLC pump and a TSP AS3000 autosampler using both positive and negative electrospray as the ionization process (all components from Finnigan, Austin, TX, USA). The software Xcalibur version 1.2 (Finnigan) was applied for system operation and data collection. A high-speed desk centrifuge (TGL-16C, Shanghai Anting Scientific Instrument Factory, China) was used to centrifuge urine samples. The urine samples were extracted on ODS-18 solid-phase extraction cartridges (3 ml/ 200 mg, AccuBond^II^, Agilent Technologies, Palo Alto, CA, USA).

2.3. Sample preparation
-----------------------

### 2.3.1. Administration

Six wistar rats were obtained from Hubei Experimental Animal Research Center (China) 6 days before the experiment. The rats were provided standard laboratory food and water ad libitum. The rats weighed 197--205 g at the time of the experiment. The rats were housed in metabolic cages and fasted for 24 h but with access to water, then they were administered 25 mg/kg oral gavage doses of anisodamine. Urine samples were collected at different time-points: 1, 8, 22, 32, 47, 57, 71, 79, 95 and 100 h and centrifuged at 3000 ×  *g* for 10 min. The supernatants were stored at −20 °C until analyses.

### 2.3.2. Standard samples

Stock anisodamine solutions were prepared by dissolving anisodamine in methanol (1 mg/ml) and diluting to the desired concentration with methanol.

### 2.3.3. Urine extraction

#### 2.3.3.1. Free fraction {#sec1}

An aliquot of 1 ml of mixed 0--24 h urine was loaded onto a C18 solid-phase extraction cartridge which was preconditioned with 2 ml of methanol and 1 ml of water. Then, the SPE cartridge was washed with 2 ml of water and the analytes were eluted with 1 ml of methanol. The elution solutions were filtered through 0.45 μm film and an aliquot of 10 μl was used for LC--MS/MS analyses.

#### 2.3.3.2. Acidic hydrolysis

After optimizing the acidity and the heated time, 0.8 ml of 6 M HCl and 50 mg of cysteine were added to 1 ml of mixed 0--24 h urine samples. The mixture was heated at 100 °C for 60 min. After cooling to room temperature, it was neutralized to pH 8 with 6 M NaOH and extracted by SPE cartridge immediately, just like the procedure mentioned in Section [2.3.3.1](#sec1){ref-type="sec"}.

#### 2.3.3.3. Enzymatic hydrolysis

After optimizing the acidity, temperature, enzymatic content and the time of hydrolysis, 1 ml of mixed 0--24 h urine samples was adjusted to pH 5.0 with a few drops of glacial acetic acid. Then, 0.5 ml of acetate buffer (pH 5.0) and 0.2 ml of β-glucuronidase from *E. coli* (10,000 units/ml) were added to the solution prior to enzymatic hydrolyses. It took 5 h at 55 °C. After cooling, the solution was adjusted to pH 8 with 6 M NaOH and extracted by SPE cartridge immediately, just like the procedure mentioned in Section [2.3.3.1](#sec1){ref-type="sec"}.

Free fraction was used for the comprehensive LC--MS/MS analyses of anisodamine and its metabolites. The target solutions after acidic and enzymatic hydrolyses were only used to assist in the investigation of phase II metabolites.

2.4. Chromatographic conditions
-------------------------------

A reversed-phase column (AICHROM™ ReliAsil C18, 5 μm, 2 mm × 150 mm i.d., Agilent Technologies, Palo Alto, CA, USA) was connected with a guard column (cartridge 4.6 mm × 12.5 mm, 5 μm, Agilent Technologies) filled with the same packing material to separate the anisodamine and its metabolites in rat urine. After optimizing the column temperature and the acidity of the mobile phase using anisodamine standard, the temperature of the column was set at 40 °C. The mobile phase consisted of methanol and 0.01% triethylamine solution (adjusted to pH 3.5 with formic acid) (60:40, v/v), which was eluted at a flow rate of 0.2 ml/min during the whole run.

2.5. Mass spectrometry conditions
---------------------------------

Mass spectral analyses were carried out using electrospray ionization (ESI) in positive ion detection mode, and only the structures of tropic acid and phase II metabolites were validated by LC--MS (MS/MS) in negative ion detection mode. Nitrogen was used as the sheath gas (40 arbitrary units). A typical source spray voltage of 5.0 kV, a capillary voltage of 45 V and a heated capillary temperature of 200 °C were obtained as optimal control conditions. The other parameters, including the voltages of octapole offset and tube lens offset, were optimised for maximum abundance of the ions of interest. The MS/MS product ion spectra were produced by collision induced dissociation (CID) of the protonated molecular ion \[M + H\]^+^ of analytes at their respective HPLC retention times utilizing helium in the ion trap, and the isolation width (*m*/*z*) was 1. The collision energy for each ion transition was optimized to produce the highest intensity of the selected ion peak. The optimized relative collision energy of 30% was used for all MS^*n*^ works.

3. Results and discussion
=========================

3.1. LC--MS and LC--MS/MS analyses of standard
----------------------------------------------

The first step of this work involved the characterization of the chromatographic and mass spectral properties of the parent drug. The chromatographic and mass spectrometry conditions were optimized using anisodamine standard. Full scan mass spectral analysis of anisodamine showed protonated molecular ion of *m*/*z* 306. The MS/MS product ion spectrum of the protonated molecular ion (*m*/*z* 306) and the predominant fragmentation patterns are shown in [Fig. 1](#fig1){ref-type="fig"} . Fragmentation of protonated molecular ion of anisodamine in the ion trap leads to five main product ions at *m*/*z*: 288, 276, 140, 122 and 91. The product ions at *m*/*z* 288 and 276 were formed by the loss of H~2~O and HCHO from the parent ion at *m*/*z* 306, respectively. The most abundant product ion at *m*/*z* 140 was formed by the loss of tropic acid (C~9~H~10~O~3~, 166 Da). The *m*/*z* 122 ion was inferred to be produced by the loss of 184 Da (C~9~H~10~O~3~  + H~2~O). The product ion at *m*/*z* 91 was formed by the loss of NH~2~CH~3~ (31 Da) from the *m*/*z* 122 ion. It could be concluded that the ions at *m*/*z* 140, 122 and 91 were the characteristic product ions of anisodamine, and C~9~H~10~O~3~ (166 Da) and C~9~H~12~O~4~ (184 Da) were the characteristic neutral losses. These characteristic product ions and neutral losses were the key features that allowed identification of metabolites.Fig. 1MS/MS product ion spectrum and the predominant fragmentation patterns of anisodamine.

The LC--MS^2^ chromatograms (parent ion at *m*/*z* 306) of blank urine and anisodamine (concentration at 50 ng/ml) were showed in [Fig. 2](#fig2){ref-type="fig"} . In [Fig. 2](#fig2){ref-type="fig"}, the blank urine and anisodamine were analyzed in LC--MS^2^ mode in accordance with the detection mode of anisodamine and its metabolites in rat urine ([Fig. 3](#fig3){ref-type="fig"} ). Anisodamine was eluted at 3.29 min under the experimental conditions ([Fig. 2](#fig2){ref-type="fig"}B). The specificity of the assay was evaluated by analyzing blank urine samples of rats, no impurity or endogenous interferences were found ([Fig. 2](#fig2){ref-type="fig"}A). The parent drug in blank urine and the extracted urine samples were stable for at least 2 months at 4 °C.Fig. 2LC--MS^2^ chromatograms (parent ion at *m*/*z* 306) of (A) blank urine and (B) anisodamine standard (50 ng/ml).Fig. 3LC--MS^2^ chromatograms of anisodamine and its metabolites in rat urine.

In this work, the sensitivity of the method was determined using anisodamine standard, and its limit of detection (LOD) was lower than 6 ng/ml by LC--MS/MS. The mean recoveries (*n*  = 5) were 76.7% at concentrations of 20 ng/ml.

3.2. LC--MS and LC--MS/MS analyses of metabolites
-------------------------------------------------

In order to identify the metabolites, the possible structures of metabolites have been speculated according to the metabolism rule of drugs firstly [@bib24], [@bib25]. The full scan mass spectrum of free fraction of rat urine after administration of anisodamine was compared with those of blank urine samples and anisodamine solution to find out the possible metabolites in rat urine. Then, these compounds were analyzed by LC--MS/MS. Their retention times, changes in observed mass (Δ*M*) and spectral patterns of product ions were compared with those of anisodamine standard to identify metabolites and elucidate their structures. Various extraction techniques (free fraction, enzyme hydrolyses and acid hydrolyses) and their comparison were carried out for investigation of the metabolism of anisodamine.

Based on the method mentioned above, the parent drug and its metabolites were found in rat urine after administration of anisodamine. Their molecular ions (\[M + H\]^+^) were at *m*/*z* 144, 158, 292, 306, 322, 338, 386, 402, 468 and 482, respectively. Their LC--MS^2^ chromatograms were presented in [Fig. 3](#fig3){ref-type="fig"}. The MS/MS product ion spectra of these analytes were shown in [Fig. 4](#fig4){ref-type="fig"} . Among them, the retention time, the MS and MS/MS spectra of the molecular ion at *m*/*z* 306 (M0, [Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}) were the same as those of anisodamine standard. Therefore, M0 can be confirmed as the unchanged parent drug.Fig. 4MS/MS product ion spectra of anisodamine and its metabolites in rat urine.

The characteristic product ions at *m*/*z* 140 and 122 of the parent drug appeared in the MS^2^ spectrum of *m*/*z* 158 (M2, [Fig. 4](#fig4){ref-type="fig"}B). The MS^3^ spectra of *m*/*z* 158 → 140 and *m*/*z* 158 → 122 was the same as those of *m*/*z* 306 → 140 and *m*/*z* 306 → 122 (anisodamine standard), respectively. So, M2 was identified as the hydrolysis product of anisodamine (6β-hydroxytropine).

The molecular ion at *m*/*z* 144 (M1) and its daughter ions at *m*/*z* 126, 116, 98 and 84 ([Fig. 4](#fig4){ref-type="fig"}A) were all 14 Da less than the molecular ion at *m*/*z* 158 (M2) and its daughter ions at *m*/*z* 140, 130, 112 and 98, respectively. These results indicated that M1 was the *N*-demethyl product of M2 (*N*-demethyl-6β-hydroxytropine).

The *m*/*z* 292 ion (M3, [Fig. 4](#fig4){ref-type="fig"}C) and its daughter ions at *m*/*z* 274, 262, 126 and 108 were all 14 Da less than the molecular ion of parent drug (*m*/*z* 306) and its daughter ions at *m*/*z* 288, 276, 140 and 122. Thus, M3 should be the *N*-demethyl product of anisodamine (*N*-demethylanisodamine).

The protonated molecular ion at *m*/*z* 322 was increased by 16 Da compared to that of the unchanged anisodamine. Two chromatographic peaks appeared in the LC--MS^2^ chromatogram of *m*/*z* 322 with retention times ca. 2.12 min (M4) and 2.80 min (M5), respectively ([Fig. 3](#fig3){ref-type="fig"}E). The appearances of the characteristic fragment ions at *m*/*z* 140, *m*/*z* 122 and characteristic neutral losses 182 Da (166 + 16) (*m*/*z* 322 → 140), 200 Da (184+16) (*m*/*z* 322 → 122) in the MS^2^ spectrum of molecular ion of M4 ([Fig. 4](#fig4){ref-type="fig"}E) indicated that M4 should be the hydroxylation product of anisodamine, and the localization of the hydroxyl group was at the tropic acid part. Reference [@bib26] showed that in rat urine, the major metabolites of scopolamine, another kind of tropane alkaloids, were the three phenolic metabolites: *p*-hydroxy-, *m*-hydroxy-, and *p*-hydroxy-*m*-hydroxy-scopolamne, and no product of the benzylic carbon oxidation was found in rat urine. So, M4 was deduced as the hydroxyanisodamine hydroxylated at benzene ring.

The appearances of the predominant product ion at *m*/*z* 156 (140 + 16) and a pair of product ions at *m*/*z* 139 (156 − 17), *m*/*z* 138 (156 − 18) in the MS^2^ spectrum of the molecular ion of M5 ([Fig. 4](#fig4){ref-type="fig"}F) indicated that M5 should be the *N*-oxidation product of the parent drug (anisodamine *N*-oxide) because it is the cleavage feature of *N*-oxides to loss 17 and 18 Da. Cong [@bib27] theoretically expounded the fragmentation feature of *N*-oxide: losing 17 and 18 Da from the parent molecule. The fragmentation feature has been validated by using oxymatrine in our experiment.

The characteristic product ions at *m*/*z* 140, 122 and 91 appeared in the MS^2^ spectrum of the molecular ion at *m*/*z* 338 (M6, [Fig. 4](#fig4){ref-type="fig"}G) which was increased by 32 Da compared to that of the parent drug. The product ion at *m*/*z* 156 (140 + 16) showed that the 6β-hydroxytropine part was oxidized, and the other oxidation should occur at tropic acid part. The *m*/*z* 139 (156 − 17) and 138 (156 − 18) ions showed the feature of *N*-oxide. So, M6 should be hydroxyscopolamine *N*-oxide. In [Fig. 4](#fig4){ref-type="fig"}F the fragment at *m*/*z* 140 should be produced from the ion at *m*/*z* 156 by the cleavage of N → O.

The product ions at *m*/*z* 306, 140 and 122 appeared in the MS^2^ spectrum of the molecular ion at *m*/*z* 386 (M7, [Fig. 4](#fig4){ref-type="fig"}H), and the MS^3^ spectrum of *m*/*z* 386 → 306 was the same as the MS^2^ spectrum of the protonated molecular ion of the parent drug (*m*/*z* 306). The product ion at *m*/*z* 306 was produced by neutral loss of 80 Da diagnostic of SO~3~ [@bib28], [@bib29]. Based on these data, M7 was identified as the sulfate conjugate of the parent drug. This deduction can be validated further by the fact that there was the parent ion at *m*/*z* 384 in the negative ion full scan LC--MS spectrum of the urine samples. The *m*/*z* 356 (\[M + H--HCHO\]^+^) ion was not found in the MS^2^ spectrum of *m*/*z* 386. So, from this fact, we inferred that the hydroxyl group at tropic acid was conjugated with sulfate in M7.

The protonated molecular ion at *m*/*z* 402 (M8) lost neutral fragment 80 Da (SO~3~) to produce the daughter ion at *m*/*z* 322 ([Fig. 4](#fig4){ref-type="fig"}I), and the MS^3^ spectrum of *m*/*z* 402 → 322 was the same as the MS^2^ spectrum of the protonated molecular ion of M4 (*m*/*z* 322, 2.12 min). There was the molecular ion at *m*/*z* 400 in the negative ion full scan MS spectrum of the urine samples. Consequently, M8 was identified as the sulfate conjugate of M4. Because phenolic hydroxyl has stronger affinity and higher speed than alcoholic hydroxyl in the sulfate esterifying reactions according to the rule of drug metabolism [@bib24], M8 should be the sulfate conjugate of M4 esterified at its phenolic hydroxyl position. The selectivity of this conjugated reaction has been validated by many studies [@bib24].

The MS^2^ spectrum of *m*/*z* 468 (M9) gave abundant daughter ion at *m*/*z* 292 ([Fig. 4](#fig4){ref-type="fig"}J), which was produced by neutral loss of 176 Da, and the MS^3^ spectrum of *m*/*z* 468 → 292 was the same as the MS^2^ spectrum of M3 (*m*/*z* 292). Besides, there was the molecular ion at *m*/*z* 466 in the negative ion full scan LC--MS spectrum of the urine samples, which gave the daughter ion at *m*/*z* 175 in its MS^2^ spectrum. Furthermore, the *m*/*z* 113 ion appeared in the MS^3^ spectrum of *m*/*z* 466 → 175. This fragmentation (*m*/*z* 466 → 175 → 113) is the cleavage feature of glucuronide conjugates [@bib30], [@bib31]. The *m*/*z* 438 (\[M + H--HCHO\]^+^) ion was not found in the MS^2^ spectrum of *m*/*z* 468. Thus, M9 was identified as the glucuronide conjugate of M3 conjugated with the hydroxyl group at tropic acid.

In the MS^2^ spectrum of *m*/*z* 482 (M10), the parent ion lost neutral fragment 176 Da to give its daughter ion at *m*/*z* 306 ([Fig. 4](#fig4){ref-type="fig"}K), and the MS^3^ spectrum of *m*/*z* 482 → 306 was the same as the MS^2^ spectrum of the protonated molecular ion of anisodamine (*m*/*z* 306). Besides, there was the *m*/*z* 480 ion in the negative ion full scan LC--MS spectrum of the urine samples, which gave the fragmentation of *m*/*z* 480 → 175 → 113 in its tandem MS spectra. The *m*/*z* 452 (\[M + H--HCHO\]^+^) ion was not found in the MS^2^ spectrum of *m*/*z* 482. So, M10 should be the glucuronide conjugate of anisodamine conjugated with the hydroxyl group at tropic acid.

The *m*/*z* 165 ion (M11) appeared in the negative ion full scan LC--MS spectrum of the urine samples. The appearances of the product ions at *m*/*z* 147 (\[M − H--H~2~O\]^−^) and 121 (\[M − H--CO~2~\]^−^) indicated that M11 was the hydrolysis product of anisodamine (tropic acid). No sulfate or glucuronide conjugate of M11 was found in rat urine.

Based on the above discussion, the proposed major metabolic pathway of anisodamine in rats was shown in [Fig. 5](#fig5){ref-type="fig"} .Fig. 5The proposed major metabolic pathway of anisodamine in rats.

These metabolites can be investigated further by comparing various extraction procedures ([Table 1](#tbl1){ref-type="table"} ). Compared with free fraction, the peak areas of LC--MS^2^ chromatograms of M3, M0 and M4 increased markedly, and those of M7--M10 decreased after acidic hydrolyses. The peak areas of M3 and M0 increased, and those of M9 and M10 decreased after enzymatic hydrolysis. These results revealed that *N*-demethylanisodamine (M3), the unchanged anisodamine (M0) and hydroxyanisodamine (M4) excreted from rat urine as the free, sulfate conjugated or glucuronide conjugated forms.Table 1Comparison between different extraction proceduresAnalyte\[M + H\]^+^RT (min)LC--MS^2^ chromatographic peak area (×10^6^)Free fractionAcidic fractionEnzymatic fractionM11442.580.58Trace0.61M21582.941.71.91.7M32922.9721.226.625.0M03063.263083.23121.73100.2M43222.12796.0801.2797.9M53222.80398.0396.9397.2M63382.6513.512.213.9M73862.1716.8Trace17.1M84022.382.9ND[a](#tbl1fn1){ref-type="table-fn"}2.7M94682.424.7NDNDM104822.2819.0TraceTrace[^1]

The time of excretion of anisodamine and its metabolites in rat urine were detected by determining urine samples collected at different time-points ([Fig. 6](#fig6){ref-type="fig"} ). The parent drug and its eleven metabolites were found in 0--1 h urine. The parent drug and its oxidation products (M4 and M5) could be detected for up 95 h using the tandem MS technique, and other metabolites could be detected for about 32--46 h.Fig. 6The excretion times of anisodamine and its metabolites in rat urine.

4. Conclusions
==============

A liquid chromatography--electrospray ionization tandem mass spectrometry method was developed for the analysis of anisodamine and its major metabolites in rat urine. For the first time, eleven metabolites of anisodamine were identified through comparing their chromatographic retention times, changes in observed mass (Δ*M*) and tandem MS spectra with those of the parent drug. These metabolites included seven phase I metabolites (*N*-demethyl-6β-hydroxytropine, 6β-hydroxytropine, tropic acid, *N*-demethylanisodamine, hydroxyanisodamine, anisodamine *N*-oxide and hydroxyanisodamine *N*-oxide) and four phase II metabolites (glucuronide conjugated *N*-demethylanisodamine, sulfate conjugate and glucuronide conjugate of anisodamine, sulfate conjugated hydroxyanisodamine). Various extraction techniques and their comparison validated the presence of four phase II metabolites. The parent drug and its eleven metabolites were found in 0--1 h urine. The parent drug and its predominant metabolites (hydroxyanisodamine and anisodamine *N*-oxide) could be detected for up 95 h using the tandem MS technique.

The result showed that each metabolite has a specific "MS^*n*^ Fingerprint" correlating to the MS^*n*^ spectrum of parent drug. The structures of metabolites can be elucidated by comparing their MS^*n*^ spectra to that of parent drug even without standards. Though the structures of metabolites cannot be determined conclusively by LC--MS/MS alone, the present method is still very valuable and dependable for the further study of the metabolism of anisodamine.
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[^1]: Not found.
